Soluções de AlCl 3 foram analisadas em concentrações de 0,03 a 5,0 mmol dm -3 e pH de 3,5 a 6,0 por espectrometria de massas com ionização por electrospray e analizador quadrupolar (ESI-Q-MS). Esses dados espectrais foram comparados com os obtidos por ressonância magnética nuclear (NMR) de 27 Al e potenciometria. Espécies resultantes da hidrólise do cátion alumínio em solução apresentaram-se principalmente como complexos carregados positivamente (+1) com moléculas de água coordenadas (n = 1-3) ao metal. As análises revelaram que complexos poliméricos de carga +2 e +3 (em concentrações mais elevadas de Al e pH > 4) contêm íons cloretos coordenados. O aspecto geral dos espectros de massas é dependente de parâmetros instrumentais tais como taxa de fluxo de solvente, temperatura na fonte de ionização e voltagens do cone e capilar. Assim, o ajuste fino do instrumento com relação a estes parâmetros foi realizado. Uma tensão de cone de amostra não superior a 50 V levou à melhor correspondência entre dados de potenciometria, ressonância magnética nuclear de 27 Al e espectrometria de massas.
Al e potenciometria. Espécies resultantes da hidrólise do cátion alumínio em solução apresentaram-se principalmente como complexos carregados positivamente (+1) com moléculas de água coordenadas (n = 1-3) ao metal. As análises revelaram que complexos poliméricos de carga +2 e +3 (em concentrações mais elevadas de Al e pH > 4) contêm íons cloretos coordenados. O aspecto geral dos espectros de massas é dependente de parâmetros instrumentais tais como taxa de fluxo de solvente, temperatura na fonte de ionização e voltagens do cone e capilar. Assim, o ajuste fino do instrumento com relação a estes parâmetros foi realizado. Uma tensão de cone de amostra não superior a 50 V levou à melhor correspondência entre dados de potenciometria, ressonância magnética nuclear de 27 Al e espectrometria de massas.
Solutions of AlCl 3 were analyzed at concentrations from 0.03 to 5.0 mmol dm -3 and pH from 3.5 to 6.0 using an electrospray ionization quadrupole mass spectrometer (ESI-Q-MS). Mass spectral data were compared with those obtained by 27 Al nuclear magnetic resonance (NMR) spectroscopy and potentiometry. Hydrolytic aluminum species were present in solution mainly as +1 positively charged complexes with n coordinated water molecules (n = 1-3). Analysis revealed that polymeric complexes of +2 and +3 charges (at higher Al concentrations and pH > 4) contained coordinated chloride ions. The general appearance of the mass spectra is dependent on instrumental parameters such as solvent flow rate, ionization source temperature and cone and capillary voltages. Thus, fine tuning of the instrument with respect to these parameters was performed. Sample cone voltages not exceeding 50 V led to the best agreement between potentiometric,
Introduction
Aluminum ions are extremely prone to hydrolysis due to their high affinity toward negatively charged oxygen. Several excellent reviews devoted to various aspects of aluminum hydrolysis, summarizing data accumulated over several decades, were published. [1] [2] [3] [4] [5] [6] The extent of hydrolysis and the identity and stability of the hydrolytic species formed in solution depend upon many factors, such as the nature and concentration of the supporting ionic medium, pH, nature and concentration of the base used to force hydrolysis, aging time and presence of other substances that may interact with aluminum(III) and/or with water molecules. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] So, to fit the observed experimental data, various models for aluminum hydrolysis, including low molecular weight (lmw), oligomers (omw) and higher molecular weight polymers (hmw), have been proposed. crystallization can be described by two general models, namely "core + link" and "cage-like" Keggin, Al 13 . These models were reviewed by Bi et al. 36 The "core + link" model is best suited for the explanation of transient state processes under moderate rate of base injection during the titration of Al solutions. According to this model, hydroxyl-Al changes from monomeric to polymeric through the continuous speciation change from small polymer (linear shape) → intermediate-size polymer (2D-planar shape) → large polymer, following an hexameric ring model. The structure of the polymers is the same as that of Al(OH) 3 , in which the basic units are either single or double hexameric rings. The most stable polymer is two-dimensional C-Al 13 9+ , which self-assembles to three-dimensional Keggin or K-Al 13 7+ during the aging of the solution.
37-46
The amorphous Al-hydroxide is formed through a surface coordination process or a gradual growth process from , referred to as Al 30 -mer. 10 Polymeric species are metastable and during the aging step undergo structural re-organization. These species can be transformed from one to another directly. The K-Al 13 transforms slowly to Al(OH) 3 through the aggregation, in the process of aging, of partially hydrolyzed Al species. 47 Bi et al. 36 summarized both models into the following scheme: at an average hydroxyl to aluminum ratio (defined as 3 . The polymer charges range between +7 to +18. At higher values of Z, precipitation occurs by aggregation of polymeric species, so that the main constituents of the solution are [Al(OH) 3 ] n(aq) and Al x O z (OH) y (3x-y-2z)+ . At the same time, the gel begins to dissolve (pH > 6) and the soluble Al(OH) 4 -complex forms. 36, 45 Recently, much useful information concerning the identity of hydrolyzed aluminum species has been obtained by mass spectrometric measurements. [48] [49] [50] [51] [52] [53] [54] "Soft" ionization techniques such as electrospray ionization mass spectrometry (ESI-MS) were extensively used. ESI-MS spectra do not exactly represent the speciation picture of the solution "before the measurement" due to perturbations occurring after the sample injection in the ion source and before the ion detection. Therefore, the experimental conditions should be adjusted in such way that nebulization and desolvation do not disturb labile hydrolytic process in the solution. Also, the change in the pH of the droplet environment (due to its decrease in volume) does not cause charge reduction in the hydrolytic complexes pinched out from the droplet.
The most comprehensive ESI-MS study of aluminum hydrolysis was performed by Sarpola et al. [51] [52] [53] [54] They reported several different anionic and cationic Al-complexes ranging from monomeric to polymeric species (Al 30 ) in chloride, sulfate and mixed chloride and sulfate media. The effect of the anion on speciation was also studied. By using the ESI-TOF-MS (electrospray ionization-time of flight-mass spectrometry) technique, they found three different pH ranges in which the speciation of Al differed from each other: at pH ca. 3 (n = 1, 2, 3) dominated the full scan spectra. At higher collisional energy, two hydroxo groups formed a bridging oxo ligand, with the loss of one water molecule. Chloro ligands were not present as bridging ions since at even low collisional energies they were eliminated as HCl. It was observed that even small dimeric and trimeric complexes were able to capture aqua ligands and the fragment ion spectra broadened toward higher m/z values. ESI-MS was also applied to aluminum hydrolysis studies in very diluted aluminum chloride solutions by Zhao et al. 50 They divided all hydrolytic species into four groups. The first group, formed at pH ca. 4, consisted of monomeric and dimeric species. At pH ca. 4.8, trimeric to pentameric species formed and upon raising the pH to ca. 5.0, these species polymerized to higher oligomers from Al 6 to Al 10 . The fourth group contained the polymerization products from Al 11 to Al 21 , and finally flocks appeared at pH ca. 6.4. Urabe et al. 48, 49 studied the speciation of aluminum hydrolytic complexes in chloride solutions by applying ESI-Q-MS (electrospray ionization-quadrupole-mass spectrometry), ESI-Q-MS/MS (electrospray ionization-quadrupole-tandem mass spectrometry) and ESI-TOF-MS measurements. Hydrolysis was not forced by the addition of base, i.e., it was carried out in the aluminum concentration range of 0.02 to 100 mmol dm -3 without pH adjustment. Aluminum species existed in solution mainly as positively charged monomeric aluminum hydroxides with several water molecules. In addition to monomers, some polymers were identified (Al 2 , Al 3 , Al 4 and Al 5 ) with +1 charge. In positive mode, no complexation with chloride was observed. According to Urabe et al. 48 , in partially neutralized AlCl 3 solution (C Al = 1 mmol dm -3 , Z = 1.5), triply charged tridecamer and doubly charged tridecamer, Al 13
2+
, were observed at m/z 279-309 and m/z = 409 + 9n (n = 0-7) respectively. Tridecameric species differed by the number of water molecules in the cluster.
Available literature data indicate that the main problem encountered in ESI-MS studies of aluminum hydrolysis is the correspondence between equilibrium state in solution and species present in the MS source (gas phase reaction). Generally, classical methods (potentiometry, multinuclear magnetic resonance (MR) spectroscopy and spectrophotometry) identified much less species than ESI-MS, indicating that most species observed by MS are rather characteristic of the MS gas phase than of the solution. Thus, optimal tuning of the mass spectrometry instrument should be performed in order to obtain maximum agreement between spectral and potentiometric data. It has been established in previous work 49 that ESI-Q-MS preserves the dissolution state of aluminum ion better than ESI-TOF-MS.
In the present work, the hydrolysis of aluminum chloride under various conditions using the ESI-Q-MS technique was studied to establish a correspondence between real speciation in hydrolyzed aluminum solutions and signals obtained in ESI-MS. From such set of known species, it would be in principle possible to establish the realistic model of hydrolysis, i.e., to give the preference to some of the above described models.
Experimental

Reagents
The standard aluminum chloride solution was prepared by dissolving Al sheets (99.98% purity, Merck, Darmstadt, FRG) in HCl (Suprapure, Merck). The content of aluminum was checked by gravimetry and ICP-OES (inductively coupled plasma -optical emission spectrometry). The aluminum concentration was 0.1000 ± 0.0005 mol dm -3 . The content of strong acid (HCl) in the aluminum solution was determined potentiometrically using the Gran method, and the concentration of HCl was 0.153 ± 0.002 mol dm -3 . Methanol (P.A., Merck) was distilled twice before use. Formic acid and NaOH were reagent grade purity (Merck). Tetramethylammonium hydroxide (TMA) and ammonium hydroxide were Sigma-Aldrich products (Austria). . The sample was introduced into the ESI probe by manual injection with the use of a Hamilton Microliter syringe. Samples were also introduced by continuous flow at 10 µL min -1 . Spectra were taken in positive mode. For pH measurements, a Mettler Toledo DL 50 instrument equipped with a radiometer combined electrode was used.
Optimal MS conditions were established by a series of preliminary experiments and the best operational parameters were: capillary voltage 3.5 kV, cone voltage 50 V, extractor voltage 3 V, source temperature 125 °C, desolvation temperature 200 °C and dynamic range m/z 40-1000.
The solvent used was aqueous formate buffer. The cone (nitrogen) and desolvation gas flows were set at 50 and 450 L h -1 respectively. 27 Al NMR spectra were recorded at 130.28 MHz on a Bruker DRX spectrometer with AlCl 3 in 6.0 mol dm -3 HCl as external standard. Digital resolution was 1.27 Hz per point.
Potentiometric titrations were performed with a Radiometer DTS 800 titrator (Copenhagen, Denmark) equipped with a Radiometer combined electrode.
Results
Hydrolyzed aluminum samples were prepared in the following way: a volume of the AlCl 3 stock solution was diluted with water to the desired concentration and the pH of the solutions was adjusted to the 3.2-6.0 range by addition of either NaOH/HCl or formic acid/NH 4 OH. Solutions were aged either for 4 h or for 7, 15 or 30 days. During the aging period, the pH value was periodically checked, and the values stable to 0.01 pH units for 15 min were recorded.
The nature of the resulting mass spectrum was dependent on various parameters such as applied voltages, solvents, pH and concentration of the solutions. First, the effect of voltages at the electrospray needle, RF lens and sample cone was investigated on AlCl 3 plus quercetin solutions (C Al = 5 × 10 -6 mol dm -3 , C quercetin = 1 × 10 -5 mol dm -3 ), according to Deng and Berkel. 55 The potentials were varied in the range of 2.0 to 4.5 kV at the needle, 0 to 200 V at the cone and 0 to 20 V at the lenses. These conditions were adjusted to produce the [Al(quercetin-H) 2 ] + complex as the dominant ion. Table 1 . Some of the obtained ESI-MS spectra at different cone voltages are shown in Figure 1 .
The composition of the solvent also influences the appearance of the spectra. The spectra were recorded using water or water/methanol as solvents (pH 4.20). The most distinctive feature of the spectra was seen at m/z 61 and was assigned to the dihydroxo complex, [Al(OH) 2 ] + . In the spectrum recorded using a water/ammonium formate to methanol rate of 90:10 (v/v %), this signal disappears, indicating that the lowering of the solvent dielectric constant and surface tension is unfavorable for polyol formation.
In order to study the speciation of Al 3+ hydrolytic complexes, the ESI-MS spectra were recorded at different pH values (3.20 to 6.20) and at a constant aluminum concentration of 2.7 × 10 -5 mol dm -3 under the optimal operational conditions. Clear solutions were observed up to pH 5.00; at this pH value, the solutions were stable for a prolonged period of time up to two days (i.e., no turbidity or precipitation was observed). At higher pH values, the solutions stayed clear for 2-3 h after the addition of base, and then a gradual turbidity developed. Most of the ESI-MS signals in solutions of pH between 5.50 to 6.20 disappeared. A representative spectrum at pH 3.59 is shown in Figure 2 and the identified species are given in Table 2 .
The majority of the species identified in ESI-MS spectra were singly charged. Since the Al 3+ aqua ion is present in all solutions, the formation of mononuclear Al-OH species may proceed in the gas phase, through charge reduction during the dehydration process: Some polymeric species appear as hydrated or chloro species whose charge was always found to be +1. This leads to the conclusion that these species may contain, in their structures, bridging oxo or hydroxo groups. Other polymeric species containing the Al 3 , Al 4 , Al 5 and Al 7 cores were much less abundant at micromolar aluminum concentrations. The Al 3 and Al 4 polymers contain chloride, which reduces their charge and perhaps promotes polymerization. Chloro complexes may form metastable ion pairs from positively charged Al-OH species and chloride anions during the ESI nebulization. These complexes may be stable enough to be detected by quadrupole mass analyzer, i.e., the complexes do not dissociate during the time needed to reach the detector (ca. 100 µs). Water molecules are coordinated to central aluminum in many hydrolytic polymers; up to five water molecules were found. These complexes are only partially hydrolyzed, and further deprotonation of coordinated water molecules may appear at higher pH values as a competitive process to prevent further polymerization. However, a different hydrolytic scheme is seen in aged aluminum solutions (Figure 3) . The most intense peak was given by the aqua aluminum ion; this is understandable because of the relatively low pH of the solution. Other intense signals belong to tetrameric and hexameric species, indicating that, even at mildly acidic pH, the polymerization proceeds to a significant degree. Upon further pH increase, the intensity of the aqua aluminum ion signal decreases sharply, and new signals appear that can be assigned to species with Al 7 to Al 12 cores. At pH between 5.0 and 6.0 most signals disappear from the spectra and only lighter polymer cores (Al 2 and Al 3 ) were detected in solution before precipitation took place. Vol. 23, No. 6, 2012 The effect of various aluminum concentrations on the MS spectra was investigated at pH 4.20, and aluminum concentrations were varied between 0.1 × 10 -3 and 1.0 × 10 -3 mol dm -3 with one day of aging time. The representative spectra are shown in Figures 4a and 4b . The identified species are shown in Table 3 .
For aluminum concentrations in the milimolar range, higher polymers containing Al 8 -Al 13 cores were observed. The single-charge complexes were observed for Al 1 to Al 4 , as well as for Al 7 cores. The +2 and +3 charges were found for Al 8 -Al 13 cores.
We have also examined the spectra of solutions in which the total concentration of aluminum ion was 5.0 mmol dm -3 at pH 4.05 with relatively high concentration of chloride ion (total chloride = 150 mmol dm -3 ). A representative spectrum is given in Figure 5 .
The whole process is clearly composed of two stages. In the first stage the lighter charged particles reach the detector. In the second stage heavier, larger polymers form in the droplets by clustering of oligomers with sodium and chloride ions and possibly water molecules. The transfer of these clusters into the gas phase is unefficient so low intensity signals are produced. It is seen that the majority of complexes contain chloride either as a coordinated ion or as a counter ion. No atempt to identify these polymers was made. Single-charged species prevail at higher pH values 
Discussion
From the general inspection of Tables 2 and 3 , it may be seen that the species found in our work are consistent with earlier literature reports, [48] [49] [50] [51] [52] [53] [54] although some of the signals in the recorded mass spectra could not be assigned. The main problems encountered in the interpretation of the ESI-MS spectra are perturbations that occur in the droplets. Three kinds of perturbations may occur in the ESI-MS ion source: in solution, at the liquid-gas interface and in the gas phase. These perturbations may be linked to the formation of hydrolytic polymers in the droplets, different transfer efficiencies from the droplets to the gas phase for different complexes (according to their charge to radius ratio and surface activity), and subsequent partial thermal decomposition of the polymers. 53 Perturbations in solution occur in the droplets during their evaporation. Evaporation of droplets changes the concentration of dissolved species and consequently causes equilibrium shifts due to pH, concentration, temperature and ionic strength changes. Perturbations at the liquid-gas interface depend upon the radius of the droplets and the surface activity of the ions. These parameters influence the efficiency with which different species are transferred from the droplets to the gas phase and therefore change their concentration. Perturbations in the gas phase are fragmentations or other thermally induced reactions taking place after the transfer of the ions to the gas phase and before their detection. The formation of polymeric hydrolytic complexes can occur as a result of perturbations in the droplets when Al 3+ solutions are electrosprayed. Whether the formation of polymeric hydrolytic species is the result of true equilibrium in solution or perturbations in ESI-MS source, it can be judged by comparison of the results obtained by different methods and by tuning the instrumental parameters of ESI-MS.
In ESI-MS the aluminum chloride signal is found at m/z 133. It disappears in solutions in which the pH is higher than 4.50 and this result is consistent with 27 Al NMR spectra. These spectra were taken at different pHs in the range of 3.30 to 6.50. The aqua aluminum ion signal is assigned to 0 ppm. The small peak at 0.34 ppm seen in the pH range of 3-5 was attributed to the mono-hydrolyzed species, Al(OH)(H 2 O) 5 2+ formed in the first step of the hydrolysis, 56 while the broad, small intensity peaks at 4.5 ppm that appear at pH > 4.0 were attributed to lmw species, Al 2 (OH) 2 . 56 In theory, 57, 58 it is possible to find signals from monomers up to 9 ppm. However, in this work, signals with S/N ratio higher than 3 were not found in this region. Higher hydrolytic polymers produced very broad peaks, seen as an increase in the area between 10 and 40 ppm upon increasing pH. Since these peaks are overlapped and immersed into the background, their analysis by NMR spectroscopy is difficult. Tridecameric or polymeric species containing thirteen aluminum ions, AlO 4 Al 12 (OH) 24 (H 2 O) 12 7+ , were identified at 62.5 ppm. 59, 60 This polymer begins to form at pH ca. 4 and the signal is at the maximum intensity at pH ca. 5.5. Upon further increase in pH, the signal suddenly disappears at pH ca. 6.0 and no NMR evidence is found for the formation of lighter polymers. After a short period of aging, turbidity and flocculation take place in the system. However, ESI-MS indicates the formation of Al 3 -Al 8 polymers in this pH range, which may suggest that the Keggin polymer first transforms to lighter polymers before precipitation. The tridecamer contains a tetrahedral aluminum surrounded by twelve octahedral aluminums all bound to each other through oxygen. The tetrahedral aluminum gives a distinct sharp peak at 62.5 ppm 59, 60 relative to the monomeric Al(H 2 O) 6 3+ . The other twelve aluminums in the tridecamer as well as other large amorphous polymeric aluminum species produce a very broad peak around 40 ppm that is not easily integrated because it is not clearly defined. However, the integration between ca. 40 to 80 ppm shows that the area increased up to 10% upon rising the pH from 5.0 to 6.0.
Potentiometric titrations were carried out with two different protocols of base addition: in one titration set, each new portion of the base was added (at the rate of 0.05 mL s -1 ) five minutes after the potential stabilization, while in the other case the addition of the base was initiated 20 min after the potential stabilization, at the same rate. Further sets of titrations were made in such a way that, at some definite value of pH, the addition of the base was stopped until the potential readings taken over a prolonged period of time showed relative standard deviation less than 3%. Titration curves showed pronounced hysteresis in the region in which the titration parameter (a) ranged between 1.0 and 1.5 ( Figure 6 ). Up to a close to 0.2, the solutions remained clear even for a prolonged period of time. Titration curves obtained under different kinetic conditions coincided up to a values close to 0.2 ( Figure 6 ). With higher values of a, relatively fast addition of the base did not produce visible changes in the solutions and the potentials remained steady. However, leaving such solutions for one or more hours without the addition of the base, unsteady potentials (relative standard deviation in potential readings > 5%) with slight opacity were produced. Further increase of the titration parameter led to the formation of microcolloids and, at a close to 1, a permanent precipitate was formed. Thus, the broad region of the titration curves involving the plateau and the steep rise of pH ( Figure 6 ) corresponds to a meta-stable state with the main step attributable to the formation of soluble Al(OH) 3(aq) . These species subsequently form a supersaturated solution, and when the number of nucleation centers reaches a critical value, it begins to condense by forming polymeric rings, and precipitates. Attempts to fit these titration curves with sets of complexes taken from databases (Table 4) , gave an excellent fit up to Z (hydroxyl to aluminum ratio) close to 1.0. At higher values of Z, the calculated curve goes closer to the experimental curve obtained with slow base addition.
Differences between ESI and potentiometric speciation are observed for species which are detected by ESI with different number of acidic protons, that is, with different charges. The data available in the literature 64, 65 showed the key role of the radius (r) of the droplets in determining the relative intensity of the ESI-MS ions. The radius can affect directly the effectiveness by which the ions are transferred to gas phase. Solution perturbations can be increased by larger droplets. Since the passage of the ions to the gas phase is delayed, this gives the reactions in the droplets more time to occur. At the same time, larger r values increase the gas phase concentration of surface active complexes and decrease that of surface inactive complexes.
Comparing ESI-MS, NMR and potentiometric data, it can be concluded that the best agreement was obtained with low molecular mass hydrolytic species. This probably results from the fact that, in polymerized aluminum solutions, the density and viscosity of the solution increase with consequent increase of the surface tension of the droplet. Thus, higher energies are needed to pinch out the higher molecular weight species from the droplet.
Conclusion
The ESI-MS technique was successfully applied in the study of aluminum hydrolysis in chloride-containing Table 4 . 
